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Summary
Objective: To describe the changes in subchondral bone that occur with the onset and progression of osteoarthritis (OA) from
macroradiographic assessment of patient’s hand and knee joints.
Design: The high magnification and spatial resolution of macroradiography permits detailed anatomical changes to be detected in OA joints.
Data on the subchondral cortical and cancellous bone, recorded from both cross-sectional and longitudinal studies of hand and knee OA, are
described and discussed with reference to recent findings on the altered biomechanical properties of OA bone.
Results: In OA joints, both subchondral cortical plate and subjacent horizontal trabeculae increase in thickness early, prior to joint space
narrowing (JSN). With progression, cortical plate sclerosis increased in 60% of OA hands and did not change in knee OA until JSN <1.5 mm
in the medial diseased compartment. In knee OA, trabeculae, at sites of tibial subchondral sclerosis, increased in number and extent,
changes that overlay a subarticular region that was osteoporotic. With cartilage loss, the articular surfaces in some knees appeared
corrugated, and later, with bone-on-bone, the surfaces became flattened and deformed.
Conclusions: The weaker than normal bone within thickened subchondral cortical plate and trabeculae of OA joints leads, in advanced OA,
to deformation of the articular surfaces and absorption of local stresses producing an effect similar to stress-shielding. This effect, it is
suggested, results in the subarticular osteoporosis.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Imaging techniques permit the detection of anatomical
changes that occur in the joints of patients with osteo-
arthritis (OA) and, importantly, monitor their evolution with
disease progression. Two methods, scintigraphy and radi-
ography, in particular are sensitive to detecting bony
changes in joints. In scintigraphy, the degree of radio-
isotope uptake demonstrated in the 3-h bone scan image
identifies the exposed mineral surface at sites of bone
resorption or formation1. These scans reflect the level of
bone remodeling activity at the time of the scan. By
contrast, both standard and magnification radiography
reveal anatomical changes in the joint that have occurred in
the past. Standard radiography has a spatial resolution of
approximately 0.2 mm, whereas magnification radiography
or macroradiography has a spatial resolution of 25 to
50 µm2. The advantage of the latter, with its enhanced
spatial resolution, is that it allows changes in bone to
be detected at the histological level, and hence at an
earlier stage of the disease than is possible by standard
radiography2.
BONE FORMATION AND REMODELING IN OA
Evidence to suggest that changes in bone occur early in
the development of OA came from bone scans following
intravenous injection of isotope-labeled bone-seeking com-
pounds. Early work by Hutton et al. showed that in hand
OA, the increase in isotope concentration identified joints
with OA prior to the onset of radiographic changes and was
predictive of subsequent radiographic abnormalities of joint
space loss and osteophytosis (Fig. 1)3,4. Additionally, it
was found that in OA of the hand, joints showed variable
levels of disease activity switching between an active and
a quiescent phase3,4. A more detailed analysis of the
distribution of the radiolabeled isotope and the changes in
bony features in the early stages of hand OA showed that
the increased uptake was associated with osteophyte
growth and remodeling5,6. In later stages of the disease,
the intensity of the scintigraphic scan at joints was also
associated with increased subchondral sclerosis7.
Radioisotope studies in knee OA confirmed the earlier
work of Hutton et al.3,4 on the predictive nature of this
methodology in identifying joints likely to show progres-
sion8,9. In knee OA, the differing patterns of isotope uptake
have been attributed to bone remodeling in different re-
gions of the joint, with the suggestion that the tramline
appearance of uptake on either side of the joint space
corresponds to increased subchondral sclerosis7. Scinti-
graphic scans confirm the very early involvement of bone in
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OA, prior to changes detected in standard radiographs.
However, the poor spatial resolution of the scintigraphic
image does not permit identification of the exact site of
bony changes in OA joints.
What are the earliest bone changes in OA?
Radiography of OA joints in patients10–14 has shown that
the formation of osteophytes and subchondral sclerosis
occurs many months before changes in articular cartilage
thickness measured radiographically as joint space narrow-
ing (JSN). These radiographic features are temporally
separated primarily because the bone’s rich blood supply
permits it to respond relatively rapidly to altered conditions
in the joint, whereas a physical loss of the articular carti-
lage, which occurs at a later stage of the disease, is
necessary before JSN is detectable10–14.
At which site are the earliest bony changes detected
radiographically: in the subchondral region or at the articu-
lar margins of the synovial joint? The difficulty in determin-
ing the sequence of changes at these sites lies in not being
able to identify the start of the disease or know the initiating
or causative factor(s) for OA. A possible solution comes
from retrospective studies in patients with post-traumatic
anterior cruciate ligament (ACL) rupture. Radiographic
changes in these patients are consistent with those of OA
and occur in 60% to 90% of subjects 10 to 15 years after
injury15–20. Patients with a tear in the cruciate ligament,
isolated or combined with injuries to the collateral ligament
or the menisci, show radiographic signs of OA at a younger
age than patients with a meniscal tear only21 and faster
disease progression than patients with primary OA18.
Since post-traumatic OA has the advantage that the
beginning of the process can be identified by the date of the
injury21, a quantitative macroradiography cross-sectional
study was undertaken to determine the sequence of ap-
pearance of the radiographic features relative to one an-
other in patients with ACL rupture14. In particular, the study
explored which of the bony features of subchondral cortical
plate thickness, subchondral trabecular sclerosis, and osteo-
phytosis occurred prior to or in association with changes in
joint space width, measured as a surrogate for changes in
articular cartilage thickness. Compared to the uninjured
knee, ACL rupture led to thickening of subchondral horizontal
trabeculae (as measured by a decrease in the values for
fractal signature analysis [FSA]) in the medial tibial compart-
ment of all injured knees, reaching significance (P<0.01)
between 3 to 4 years after injury. Osteophytes were present
in the same compartment in approximately 50% of injured
knees by about the third year. No changes in joint space
width (JSW) or subchondral cortical plate thickness were
detected. Thus, in ACL-ruptured knees, the bony features of
OA within the medial compartment of the tibia do not appear
to be radiographically detectable until 3 to 4 years after the
injury. Thickening of the horizontal subchondral trabeculae
and the appearance of osteophytes occurred prior to
subchondral cortical plate thickening and JSN. The pattern of
changes detected in these patients with ACL-ruptured knees
may be different from that in patients with idiopathic OA. The
absence of a measurable increase in cortical plate thickness
differed from our findings in patients with early knee
OA12,13,22, in whom the medial compartment tibial subchon-
dral cortical plate was thicker than in a reference non-arthritic
group12. This would suggest that there is coupling between
cortical plate sclerosis and early changes in cartilage thick-
ness. This observation is supported by data from both human
hand and knee OA10–12 and experimental animal work1,23–26,
including, for example, a study in cynomolgus macaques
that suggested that there is a threshold subchondral plate
thickness below which articular cartilage lesions do not
occur26.
The findings from radiographic assessment of changes
in the subchondral region in OA hand and knee joints are
described below. This region, composed of the zone of
calcified cartilage, the cortical plate, and the subjacent
cancellous bone region, appeared to change with the
onset, as well as the progression, of OA in hand and knee
joints.
Subchondral sclerosis in hand OA
In studies of hand OA, subchondral cortical plate thick-
ness at study entry was significantly greater in all patients
with hand OA than in subjects in a non-arthritic reference
group10,11,27. Indeed, sclerosis was present in hands with
very early OA10,11,27, i.e., in those joints in which JSW
measurements indicated cartilage swelling rather than
loss10,11, indicative of an altered cartilage biochemical
status28–30. In longitudinal studies, cortical plate thickness
in the wrist and hand increased significantly in two thirds of
the patients, and in a third, it decreased. The decrease was
attributed to localized peri-articular inflammation10,11. The
distribution of increased cortical plate thickness in the
wrist and hand joints was similar to the pattern of osteo-
phyte formation31 and corresponded to the distribution of
force across the hand and wrist during normal activity
(Table I)11,27.
In approximately half the OA hands, advancement in the
zone of calcified cartilage (ZCC) was seen at the joint’s
central convex articular surfaces (Fig. 2)32,33. The appear-
ance of new ZCC steps 18 months later in a further 36% of
patients’ hands indicated that this feature was associated
with disease progression32. The distribution of this feature
at the interphalangeal and metacarpal joints suggests that
its presence was associated with systemic rather than
localized stress-related factors33. Further, the site of the
advancing mineralized front at the middle of the convex
Fig. 1. Four-hour bone scan of patient’s osteoarthritic hands. The
increased isotope uptake at joints is associated with osteophyte
growth and remodelling5,6. Some symmetry is observed between
joints (e.g, 2nd and 3rd distal interphalangeal [DIP] and 1st carpal
metacarpal [CMC]). Note also the variable level of disease activity,
seen as difference in the degree of radioisotope uptake within the
joints of the hand3,4.
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articular surfaces of the joints coincides with the presence
of a larger number of vascular canals perforating the
subchondral cortical plate at this site34,35 than at the
articular margins. The association between ZCC formation
and vascular changes is further supported by the ob-
servation, in both patients and experimental animals, that
the vascular invasion may be the result of lipid-related
intraosseous venous thrombosis leading to focal bone
ischemia followed by repair36,37.
The step-like advancement of the ZCC into the body
of the articular cartilage38 has been observed
histologically39–41 and in post mortem examination of larger
joints, such as the shoulder and hip42. Its presence in these
joints appears to have a different function, acting as an
intermediate stiffness layer between the articular cartilage
and the subchondral bone39,43,44. At these sites, the
normal undulating structure of the calcified cartilage inter-
face with the overlying cartilage and the underlying
subchondral bone transforms shear stresses into tensile
and compressive stresses for which cartilage is better
adapted45.
Subchondral sclerosis in knee OA
SUBCHONDRAL CORTICAL PLATE
Femoral and tibial subchondral cortical plate thickness
was well developed in OA knees with minimal or no joint
space narrowing (Fig. 3)12. The cortical plate in these
knees was significantly greater in the medial diseased than
in the lateral compartment (Table II). The subchondral
plate did not change in thickness during short-term longitu-
dinal studies (18 to 24 months)22, but was statistically
significantly thicker in the tibia of knees with severe JSN
(JSW ≤1.5 mm) than in knees with early to moderate
disease12, i.e., at a stage in which nearly all the articular
cartilage had been lost and the subchondral plate had
increased in thickness in response to the enhanced mech-
anical strains.
SUBCHONDRAL CANCELLOUS BONE
Significant changes in subchondral cancellous bone
were detected in the medial diseased compartment of the
Table I
Compared to healthy non-arthritic reference group, the subchondral cortical plate thickness, measured from macroradiographs of patients
with hand OA, was statistically significantly thicker. Sites of greatest increase in cortical plate thickness corresponded to the functional
demand, and hence increased load, that occurred in the hand with different types of activity11
Greatest cortical plate thickness Radiological site Type of activity
Per joint 2nd distal interphalangeal joint Pulp-pinch grip between finger and
thumb
Per phalangeal ray 2nd and 3rd phalanges Tripod finger action
Between hands Dominant 2nd and 3rd >non-dominant 2nd and 3rd
phalanges*
Handedness
*P<0.045 Wilcoxon matched paired test.
Fig. 2. Part of a macroradiograph of the metacarpophalangeal joints of a patient with osteoarthritis showing the advancement of the zone of
calcified cartilage at the convex articular surfaces32,33. Advancement is seen to extend progressively further in the articular cartilage (arrow
heads) from the 3rd to the 5th joint. Original magnification ×5, reproduced at ×2.8.
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tibia in OA knee patients with early disease (JSW
>3 mm)13. The technique of macroradiography2, combined
with a computerized textural analysis technique of Fractal
Signature Analysis (FSA), which quantifies separately ver-
tical and horizontal trabecular structures46 within regions of
interest in the OA knee, found that the earliest changes
detected in patients was a significant increase in the
thickness of the horizontal trabeculae ranging from 0.5 to
1.0 mm compared to patients in the healthy reference
group13. In knees with more advanced OA and greater joint
space loss, trabeculae were found to be significantly thicker
and closer together than in knees from patients with less
severe disease (Fig. 4)13,47. Changes in vertical trabeculae
appeared at a later stage of the disease (JSW <3 mm) as
an increase in their number attributed to trabecular fenes-
tration and thinning13,47. No changes in the trabecular
organization were found in the lateral non-diseased
compartment of the proximal end of the tibia13.
Thus, in patients with knee OA, both the subchondral
cortical plate and subjacent horizontal trabeculae in-
creased significantly in thickness prior to any measurable
JSW loss12,13. Histologically, the new bone formed in OA is
laid down rapidly as coarse fibred or woven-bone charac-
teristic of sites of bone repair48. Biomechanical tests reveal
that, compared with non-arthritic joints, the subchondral
bone from OA patients is less stiff and dense, showing a
greater porosity and a reduced mineral content49 and is
mechanically ‘weaker.’ This weakening of the subchondral
Fig. 3. Part of the macroradiographs of the medial compartment of osteoarthritic knees with (A) early disease, characterized by JSW >3 mm
and (B) definite disease, characterized by JSW <3 mm. Radiograph of knee with definite disease (B) shows the increase in thickness of the
subchondral cortical plate and subjacent horizontal trabeculae resulting in a ladder-like appearance. Original magnification ×5, reproduced
×3.2.
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bone is detected radiographically in a flattening of the
femoral and tibial articular surfaces resulting in greater
congruity of the articular elements (Fig. 5A). The tongue in
groove corrugation on the corresponding femoral and tibial
articular surfaces in this joint is a manifestation of a variable
pattern of bone stiffness and weakness across the com-
partment. With complete loss of cartilage, the softened
subchondral bone is further flattened and acquires greater
articular congruence (Fig. 5B). Ultimately, in advanced
stages of the disease, the articular surfaces become dis-
torted and deformed with the collapse of the cancellous
bone in the subarticular region leading to altered limb
alignment and deformity (Fig. 6).
Periarticular and subarticular bone changes in
knee OA
Localized osteopenia at the periarticular region is known
to occur in the bone immediately adjacent to sites of
osteophyte formation51, and is coupled with the increased
vascular supply associated with new bone formation. A
more extensive region of osteoporosis in the subarticular
bone, subjacent to the subchondral sclerosis (Fig. 7), has
recently been quantified by bone densitometry52. Karvonen
et al. found that the bone mineral density (BMD) in the
subarticular cancellous bone was lower than normal, re-
gardless of the BMD of the spine, and that the lower than
normal BMD in knee OA appeared related to the radio-
graphic changes at the joint52. Similar observations have
also been made in experimental animals23–26, in which
subarticular osteoporosis occurred deep to the thickened
cortical plate. It is possible that these osseous changes
may be associated with the marrow lesions seen on mag-
netic resonance images (MRIs)53 of painful knees. The
changes appear to be associated with increased blood or
fluid inside bone53 possibly related to low grade inflamma-
tion, or to intraosseous hypertension due to poor venous
drainage from the marrow54.
The role of subchondral bone in OA
Osteoarthritis is a condition of the synovial joint that
affects the osteochondral junction in which it is impossible
to separate the changes that occur in one tissue from those
in the other55. The formation of bone in the region of
subchondral sclerosis is an attempt at repair since histo-
logically it is described as coarse fiber woven bone48. This
type of bone is similar to callous bone formation at sites of
fracture repair and at regions of rapid bone growth56.
Biochemically, there is increased metabolism, both syn-
thesis and degradation, of the subchondral bone collagen
in OA, as well as changes to post-translational modifi-
cations, including increased lysine hydroxylation, changes
in the nature of the cross-links between the polypeptide
chains, and consequential decreased mineralization57. Re-
cently, type I collagen homotrimer has been identified in
osteoarthritic subchondral bone, in addition to the predomi-
nant type I heterotrimer found in normal bone, indicating a
changed phenotypic expression of the osteoblasts58. Bio-
mechanically, such changed collagen composition would
be expected to alter the mechanical properties of bone,
rendering it weaker as described above49. Thus, the
Table II
Mean (standard deviation [SD]) thickness of the subchondral
cortical plate (mm) at the femoral and tibial articular surfaces in
the medial tibiofemoral compartment of patients with medial
compartment disease12
Mean (SD) cortical plate thickness (mm)
Knees‡ Number Femoral condyle Tibial plateau
Reference group§ 28 0.29 (0.07) 0.37 (0.06)
JSW >3 mm 36 0.54 (0.14)* 0.53 (0.11)*
JSW <3 mm 12 0.59 (0.21) 0.50 (0.09)
JSW <1.5 mm) 15 0.53 (0.21) 0.76 (0.16)†
‡Knees grouped according to minimum medial compartment
joint space width (JSW) measurement: early disease (JSW
>3 mm), definite disease (JSW <3 mm), and severe disease (JSW
<1.5 mm).
§Reference group of healthy subjects.
*Significantly different from mean value for healthy reference
group (P<0.0001), Mann–Whitney test).
†Significantly different from mean value for subgroup of patients
with JSW >1.5 mm (P<0.0001), Mann–Whitney test).
Fig. 4. The mean (SE) fractal signature for horizontal (A) and
vertical (B) trabecular structures in the medial compartment of the
tibia13 of the reference group (M) and in OA knees with JSW
>3 mm in both standing and tunnel views (j); OA knees with JSW
<3 mm in both standing and tunnel views (♦), and OA knees with
JSA <3 mm in the tunnel view only (m). (Reproduced from the
Annals of the Rheumatic Diseases 1996; 55: 752–753. [Reference
13] with permission from the BMJ Publishing Group.)
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formation of new bone, with its weaker biomechanical
properties, in the subchondral sclerotic region of load-
bearing joints accounts for a number of the anatomical
changes observed in knee OA (Fig. 8).
The deformation and flattening of the articular contour
that occurs in OA joints would have a two-fold effect. First,
it would produce considerable stress within any cartilage
remaining upon the articular surface, and second, it would
increase the surface area of contact between the two
articular elements. In turn this would improve load trans-
mission across the joint, since bone is structurally better
adapted to absorb forces over a larger than a small
cross-sectional area59. These changes result in a greater
congruity between joint surfaces and a consequent de-
crease in the mechanical stresses within articular struc-
tures44. The increased joint conformity and sclerosis within
the subchondral cortical plate and trabeculae would lead to
greater absorption of local stresses, reducing load trans-
mission to the deeper subarticular region and resulting in a
localized osteoporosis52, similar to the effect of ‘stress
shielding’ observed in the bone under metal prosthe-
ses60,61. In the lateral compartment of knees with medial
compartment disease, the greater joint space loss in the
later and associated valgus deformity would lead to joint
subluxation and an unloading of the lateral compartment
of the knee. Reduction in load transmission in this com-
partment would result in the onset of a disuse osteo-
porosis within the subchondral and subarticular cancellous
bone.
The OA-related changes to the subchondral and sub-
articular cancellous bone, described above, can be
summarized in the following hypothesis: that the weaker
than normal bone in the subchondral cortical plate and
trabeculae results in deformation of the joint surfaces and
absorption of local stresses, resulting in a sub-articular
osteoporosis detected as a reduction in BMD.
Further investigations are required to clarify the interplay
between the biochemical, mechanical, and anatomical
changes that take place within the subchondral and sub-
articular regions of bone in OA joints. At present, it would
appear that it is the abnormal structure and mechanical
properties of bone in the subchondral region that are not
only integral to but may be responsible for disease progres-
sion in OA joints. Differences observed in the changes to
the subchondral bone between hand and knee OA sug-
gests that the stresses associated in weight-bearing joints
are, in the long term, more likely to result in a failing joint,
with the collapse of the articulation and subsequent need
for surgical intervention. The overall findings described here
support the concept that OA, or at least a major subset of
this heterogeneous group of disorders, is a disorder of
bone. Therapeutic strategies are required that are aimed
Fig. 5. (A) Radiograph of knee with osteoarthritis with medial compartment JSW >2 mm in the standing extended view. As described
elsewhere50, the joint space visible in the extended knee view does not correspond to articular cartilage thickness at the central region of the
tibio-femoral joint, but to a ‘gap’ produced by the femoral condyle rolling forward onto the ridge at the anterior tibial rim. Importantly, observe
in the medial compartment the marked subchondral sclerosis with tongue and groove corrugations on the femoral and tibial articular
surfaces. The latter are consistent with the loss of cartilage in the flexed knee position. (B) The same OA knee as in (A) radiographed in
the same view, 21 months later, showing marked articular cartilage loss in the medial compartment indicated by the narrowed joint space.
With joint space loss, there is an increase in subchondral sclerosis, the articular surfaces appear flattened, and the corrugations visible in
(A) are reduced or absent resulting in greater articular congruence, changes that are consistent with weak subchondral bone reported at OA
joints49.
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at preserving the normal healthy bone, at slowing down the
process leading to the deposition within the subchondral
region of the biomechanically weaker woven or repair
bone, and at preventing the osteoporotic changes in the
subarticular region. Were such treatment to have the effect
of maintaining bone quality and hence the normal contour
and shape of the articular surfaces, it is conceivable that
this approach would preserve the patient’s mobility for
longer periods than therapies directed at preserving articu-
lar cartilage alone, since the latter is inevitably affected
by the alterations in the subchondral bone described
above.
Fig. 6. Radiograph of an OA knee with severe disease showing the long-term effects of the weak subchondral bone49 and sub-articular
osteoporosis38 resulting in the collapse of the medial compartment and joint mal-alignment.
Fig. 7. Part of a macroradiograph of the medial compartment of an osteoarthritic knee with definite narrowing of the joint space showing the
sub-articular region of osteoporosis lying below the subchondral sclerosis. The zone of reduced bone density extends out towards
the osteophyte at the articular margin. Original magnification ×5, reproduced at ×3.5.
S16 C. Buckland-Wright: Subchondral bone changes in OA
Acknowledgements
Much of the work on hand and knee OA described in this
paper was undertaken over the last 10 years. There are
many that have helped and contributed to these studies,
and among these I would wish to express my gratitude to
Drs Diana Macfarlane, John Lynch, and Kris Jasani, with-
out whom these studies would not have been possible. I
would also like to thank Drs Ignac Fogelman, Barat Dave,
and in particular, the radiographers Helen Rees, Judy
Vlahovich, and Carol Hayne, who have been of such
invaluable assistance. I would also like to thank Sarah
Smith for her help with the preparation of the photographs.
References
1. Christensen SB. Localization of bone-seeking agents
in developing experimentally induced osteoarthritis in
the knee joint of the rabbit. Scand J Rheum 1983;
12:343–9.
2. Buckland-Wright JC, Bradshaw CR. Clinical appli-
cations of high definition microfocal radiography. Br J
Radiol 1989;62:209–17.
3. Hutton CW, Higgs ER, Jackson PC, Watt I, Dieppe PA.
99m Tc-HMDP bone scanning in generalised osteo-
arthritis I: comparison of standard radiographs and
four hour bone scan image of the hand. Ann Rheum
Dis 1986;45:617–21.
4. Hutton CW, Higgs ER, Jackson PC, et al. 99mTC
HMDP bone scanning in generalised nodal osteo-
arthritis. II. The four hour bone scan image predicts
radiographic change. Ann Rheum Dis 1986;
45:622–6.
5. Buckland-Wright JC, Macfarlane DG, Fogelman I, et al.
Technetium 99m methylene diphosphonate bone
scanning in osteoarthritic hands. Eur J Nucl Med
1991;18:12–6.
6. Macfarlane DG, Buckland-Wright JC, Emery P,
Fogelman I, Lynch J. Comparison of clinical radio-
nuclide, and radiographic features in osteoarthritis of
the hands. Ann Rheum Dis 1991;50:623–6.
7. McCarthy F, Shouls J, Dieppe P, Watt I. Scintigraphic
assessment of osteoarthritis of the knee. Ann Rheum
Dis 1992;51:938–42.
8. Dieppe P, Cushnaghan J, Young P, Kirwan J. Predic-
tion of the progression of joint space narrowing in
osteoarthritis of the knee by bone scinitigraphy. Ann
Rheum Dis 1993;52:557–63.
9. Bablanc JC, Mathieu P, Mathieu L, et al. Progression
of digital osteoarthritis: a sequential scintigraphic and
radiographic study. Osteoarthritis Cart 1995;3:181–6.
10. Buckland-Wright JC, Macfarlane DG, Lynch JA, Clark
B. Quantitative microfocal radiographic assessment
of progression in osteoarthritis of the hand. Arthritis
Rheum 1990;33:57–65.
11. Buckland-Wright C, Macfarlane D, Lynch J. Relation-
ship between joint space width and subchondral
sclerosis in the osteoarthritic hand: a quantitative
microfocal study. J Rheumatol 1992;19:788–95.
12. Buckland-Wright C, Macfarlane D, Jasani MK, Lynch J.
Quantitative microfocal radiographic assessment of
osteoarthritis of the knee from weight bearing tunnel
and semiflexed standing views. J Rheumatol 1994;
21:1734–41.
13. Buckland-Wright C, Lynch J, Macfarlane D. Fractal
signature analysis measures cancellous bone organ-
isation in macroradiographs of patients with knee
osteoarthritis. Ann Rheum Dis 1996;55:748–55.
14. Buckland-Wright JC, Lynch JA, Dave B. Early radio-
graphic features in patients with anterior cruciate
ligament rupture. Ann Rheum Dis 2000;59:641–6.
15. McDaniel WJ Jr., Dameron T. The untreated cruciate
ligament rupture. Clin Orthop Rel Res 1983;
172:158–63.
16. Matthews DS, Butler DL. The symptomatic anterior
cruciate-deficient knee. Part I: the long term
functional disability in athletically active
individuals. J Bone Joint Surg [Br] 1983;
65:154–62.
17. Sherman M, Warren RF, Marshall J, Savatsky G. A
clinical and radiological analysis of 127 anterior
cruciate insufficient knees. Clin Orthop 1988;
227:229–37.
18. Kannus P, Jarvinen M. Posttraumatic anterior cruciate
ligament insuffiency as a cause of osteoarthritis in a
knee joint. Clin Rheumatol 1988;8:251–60.
19. Sommerlath K, Lysholm J, Gillquist J. The long-term
course after treatment of acute anterior cruciate liga-
ment ruptures. A 9 to 16 years follow up. Am J Sports
Med 1991;19:156–62.
20. Neyret P, Donell ST, Dejour H. Results of partial
menisectomy related to the state of the anterior
cruciate ligament. Review at 25 to 35 years. J Bone
Joint Surg [Br] 1993;75:36–40.
21. Roos H, Adalberth T, Dahlberg L, Lohmander LS.
Osteoarthritis of the knee after injury to the anterior
cruciate ligament or meniscus: the influence of time
and age. Osteoarthritis Cartilage 1995;3:261–7.
22. Buckland-Wright JC, Macfarlane DG, Lynch JA, Jasani
MK. Quantitative microfocal radiography detects
changes in OA knee joint space width in patients
in placebo controlled trial of NSAID therapy. J
Rheumatol 1995;22:937–43.
23. Layton MW, Goldstein SA, Goulet RW, Feldkamp LA,
Kubinski DJ, Bole GG. Examination of subchondral
bone architecture in experimental osteoarthritis by
Fig. 8. Diagram of a knee with advanced OA illustrating the effect
weight-bearing has on weaker than normal bone49 within the
region of thickened subchondral cortical plate and trabeculae. The
articular surfaces deform and their contour is flattened, changes
that lead to the absorption of local stresses within the subchondral
region of sclerosis44,59 and result in the formation of a sub-articular
osteoporosis.
Osteoarthritis and Cartilage Vol. 12, Supp. 12A S17
microscopic computed axial tomography. Arthritis
Rheum 1988;31:1400–5.
24. Brandt KD, Myers SL, Burr D, Albrech M. Osteoarthritic
changes in canine articular cartilage, subchondral
bone, and synovium fifty-four months after transec-
tion of the anterior cruciate ligament. Arthritis Rheum
1991;34:1560–70.
25. Dedrick DK, Goldstein SA, Brandt KD, O’Connor BL,
Goulet RW, Albrecht M. A longitudinal study of
subchondral plate and trabecular bone in cruciate-
deficient dogs with osteoarthritis followed up for 54
months. Arthritis Rheum 1993;36:1460–7.
26. Carlson CS, Loeser RF, Purser CB, Gardin JF, Jerome
CP. Osteoarthritis in the cynomolgus macaques III:
Effects of age, gender, and subchondral bone thick-
ness on the severity of disease. J Bone Miner Res
1996;11:1209–17.
27. Buckland-Wright JC, Macfarlane DG, Lynch JA. Sen-
sitivity of radiographic features and specificity of
scintigraphic imaging in hand osteoarthritis. Rev
Rheum (Engl Ed) 1995;62(Suppl 1):14S–026.
28. Mankin HJ, Brandt KD. Biochemistry and metabolism
of cartilage in osteoarthritis. In: Moskowitz RW,
Howell DS, Goldberg VM, Mankin HJ, Eds. Osteo-
arthritis: Diagnosis and Management. Philadelphia:
WB Saunders 1984;43–80.
29. Armstrong CG, Mow VC. Variations in the intrinsic
mechanical properties of human articular cartilage
with age, degeneration and water content. J Bone
Joint Surg 1982;64A:88–94.
30. Akizuki S, Mow VC, Muller F, Pita JC, Howell DS.
Tensile properties of knee joint cartilage. II. Corre-
lation between weight bearing and tissue pathology
and the kinetics of swelling. J Orthop Res 1987;
5:173–86.
31. Buckland-Wright JC, Macfarlane DG, Lynch JA. Osteo-
phytes in the arthritic hand: their incidence, size,
distribution and progression. Ann Rheum Dis 1991;
50:627–30.
32. Patel N, Buckland-Wright JC. Advancement in the
zone of calcified cartilage in osteoarthritic hands
of patients detected by high definition macro-
radiography. Osteoarthritis Cartilage 1999;7:520–6.
33. Buckland-Wright JC, Patel N. Pattern of advance-
ment in the zone of calcified cartilage detected in
hand osteoarthritis. Osteoarthritis Cartilage 1999;
7:S41–S44.
34. Milz S, Putz R. Lu¨ckenbildung der subcondralen Min-
eralisieerungszone des Tibiaplateaus. Osteologie
1994;3:110–8.
35. Imhof H, Breitenseher M, Kainberger F, Trattnig S.
Degenerative joint disease: cartilage or vascular
disease? Skeletal Radiol 1997;26:398–403.
36. Cheras PA, Freemont AJ, Sikorski JM. Intraosseus
thrombosis in ischemic necrosis of bone and
osteoarthritis. Osteoarthritis Cartilage 1993;
1:219–32.
37. Jones JP. Subchondral osteonecrosis can conceivably
cause disk degeneration and ‘primary’ osteoarthritis.
In: Urbaniak JR, Jones JP, Eds. Osteonecrosis.
Rosemont: American Academy of Orthopaedic
Surgeons 1997;135–42.
38. Karvonen RL, Negendank WG, Teitge RA, Reed AH,
Miller PR, Fernandez-Madrid F. Factors affecting
articular cartilage thickness in osteoarthritis and
aging. J Rheumatol 1994;21:1310–8.
39. Bullough PG, Jagannath A. The morphology of the
calcification front, its significance in joint function.
J Bone Joint Surg 1983;65B:72–8.
40. Oegema TR, Thompson RC. The zone of calcified
cartilage, its role in osteoarthritis. In: Kuettner KE,
Scheleyerbach R, Peyron JG, Hascall VC, Eds. Ar-
ticular Cartilage in Osteoarthritis. New York: Raven
Press 1992;319–31.
41. Oegema TR, Thompson RC. The histopathology and
pathobiochemistry of cartilage-bone interface in
osteoarthritis. In: Keuttner KE, Goldberg VM, Eds.
Osteoarthritic Disorders. Rosemont: Academy of
Orthopaedic Surgeons 1995;205–17.
42. Lane LB, Bullough PG. Age related changes in the thick-
ness of the calcified cartilage zone and the number of
tidemarks in adult articular cartilage. J Bone Joint Surg
[BR] 1980;62:372–5.
43. Brown TD, Radin EL, Martin RB, Burr DB. Finite
element studies of some juxtarticular stress changes
due to localized subchondral stiffening. J Biomech
1984;17:11–24.
44. Bullough PG. The geometry of diarthrodial joints, its
physiologic maintenance, and the possible signifi-
cance of age-related changes in geometry-to-load
distribution and the development of osteoarthritis.
Clin Orthop Related Res 1981;156:61–6.
45. Redler I, Mow VC, Zimny ML, Mansell J. The ultra-
structural and biochemical significance of the tide-
mark of the articular cartilage. Clin Orthop 1975;
112:357–62.
46. Lynch JA, Hawkes JD, Buckland-Wright JC. Analysis
of texture in macroradiographs of osteoarthritic knees
using the fractal signature. Phys Med Biol 1991;
36:709–22.
47. Buckland-Wright JC, Macfarlane DG, Lynch JA. Frac-
tal signature analysis measures trabecular organiz-
ation in macroradiographs of OA knee patients. Trans
Orthop Res Soc 1995;20:304.
48. Burr DB. Subchondral bone. In: Brandt KD,
Lohmander S, Doherty M, Eds. Osteoarthritis.
Oxford: University Press 1998;144–56.
49. Li A, Aspden R. Mechanical and material properties of
the subchondral bone plate from the femoral head
of patients with osteoarthritis or osteoporosis. Ann
Rheum Dis 1997;56:247–54.
50. Buckland-Wright JC. Current status of imaging pro-
cedures in the diagnosis, prognosis and monitoring of
OA. In: Bellamy N, Ed. Osteoarthritis Baillie´re’s Clin
Rheumatol 1997;11(4):727–48.
51. Resnick D, Niwayama G. Degenerative disease of
extraspinal locations. In: Resnick D, Niwayama G,
Eds. Diagnosis of Bone and Joint Disorders, 2nd
edition. Philadelphia: Saunders 1988;1365–479.
52. Karvonen RL, Miller PR, Nelson DA, Grande JL,
Fernandez-Madrid F. Periarticular osteoporosis in
osteoarthritis of the knee. J Rheumatol 1998;
25:187–94.
53. Felson DT, Chaisson CE, Hill CL, Totterman SMS,
Gale ME, Skinner KM, et al. The association of bone
marrow lesions with pain in knee osteoarthritis. Ann
Intern Med 2001;134:541–9.
54. Arnoldi CCF, Djurhuus JC, Heerfordt J, Karle A. Intra-
osseous phlebography, intraosseous pressure
measurement and 99m-Tc-polyphosphate scintigra-
phy in patients with various painful conditions in the
hip and knee. Acta Orthop Scand 1980;51:19–28.
S18 C. Buckland-Wright: Subchondral bone changes in OA
55. Sokoloff L. Loading and motion in relation to ageing
and degeneration of joints. In: Helminen HJ, Kiviranta
I, Saamanen A-M, Tammi M, Paukkonen K, Jurvelin
J, Eds. Joint Loading, Biology and Health of Articular
Structures. Bristol: John Wright & Sons 1987;
412–24.
56. Enlow DH. Human face, 14–37. Harper Row: London,
1968.
57. Mansell JP, Bailey AJ. Abnormal cancellous bone
metabolism in osteoarthritis. J Clin Invest 1998;
101:1596–603.
58. Bailley AJ, Knott L. Molecular changes in bone colla-
gen in osteoporosis and osteoarthritis in the elderly.
Exp Gerontol 1999;34:337–51.
59. Frost HM. Joint anatomy, design, and arthroses: in-
sights of the Utah paradigm. Anat Rec 1999;
255:162–74.
60. Silva MJ, Reed KL, Robertson DD, Bragdon C, Harris
WH, Maloney WJ. Reduced bone stress as predicted
by composite beam theory correlates with cortical
bone loss following cemented total hip arthroplasty.
J Orthop Res 1999;17:525–31.
61. Tissakht M, Ahmed AM, Chan KC. Calculated stress
shielding in the distal femur after total knee replace-
ment corresponds to the reported location of bone
loss. J Orthop Res 1996;14:778–85.
Osteoarthritis and Cartilage Vol. 12, Supp. 12A S19
